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Cu4 triplet clusters form the relevant spin entity for the formation of long-range magnetic order in
the cluster magnet Cu2OSeO3. Using time-resolved Raman spectroscopy, we probed photoinduced
spin and lattice dynamics in this Mott insulator. Multiple ps-decade spin-lattice relaxation dynamics
is observed, evidencing a separation of the order parameter dynamics into disordering of long-range
and internal spin cluster order. Our study exemplifies the double order parameter dynamics of
generalized molecular crystals of charge, spin, and orbital nature.
Quantum materials with at least two length scales for
electronic interactions lead to the self-formation of gen-
eralized molecular crystals of charge, spin, and orbital
nature.1,2 From strong, shorter length scale electronic in-
teractions solid-state “molecules” or clusters form, which
“crystallize” through weaker, longer length scale elec-
tronic interactions. Such emergent solid-state molecu-
lar ground states have been identified in, for instance,
the mineral Fe3O4 where trimeron orbital molecules
form,3,4 molybdenates with triangular orbital plaquette
molecules,5,6 and the chiral magnet Cu2OSeO3 where
tetrahedral spin triplets form.7 The order-to-disorder
phase transition pathways in such quantum materials
comprises disordering of both the order inside the indi-
vidual cluster actors, as well as the emerging long-range
cluster order. An understanding of such dynamic double
order parameter behaviour is important for the funda-
mental understanding of electronic correlations in solid-
state molecular ground states and from the perspective
of potential switching applications based on spin, charge
and orbital degrees of freedom.4,8,9
In this context we investigate the nonequilibrium dy-
namics of spin cluster and long-range order in the clus-
ter Mott insulator Cu2OSeO3. Nonequilibrium dynamic
studies of Cu2OSeO3 have predominantly focused on the
chiral magnetism, in particular the manipulation and ex-
citation of the metamagnetic Skyrmion phase.10–13 An
equally intriguing aspect of the nonequilibrium dynam-
ics concerns the disordering pathways of long-range and
spin triplet cluster order. The nonequilibrium dynamics
is governed by lattice and spin excitations of long-range
and internal cluster character and their coupling. This is
expected to lead to rather rich and interesting dynamic
behaviour, which can be mapped in the time-domain by
ultrafast spectroscopy techniques.
The spin cluster formation in Cu2OSeO3 results from
the geometric distortion away from a perfect magnetic
pyrochlore lattice.7,14 The magnetic unit cell is shown in
Fig. 1a, and consists of 16 Cu2+ S= 12 spins on a distorted
pyrochlore lattice.15 Long and short Cu2+-Cu2+ path
ways are identified with correspondingly weak (dashed
lines) and strong (full lines) exchange interactions. The
S= 1 spin clusters form through the strong intra-cluster
exchange interactions far above the long-range order-
ing temperature TC ≈ 58 K, below which the weak inter-
cluster exchange interactions order the Cu4 spin clusters
into a spin cluster helix with a chiral pitch of approxi-
mately 62 nm.7,16,17 The cluster magnetic order leads to
distinctly different types of low- and high-energy spin ex-
citations with long-range and internal Cu4 cluster char-
acter. The high-energy cluster modes can be understood
as spin flip excitations of the triplet tetrahedron, as illus-
trated in Fig. 1b. The collective motion of the ordered
triplet clusters gives rise to spin excitations at low en-
ergy, including the Goldstone mode of the magnetically
long-range ordered state.18–20
Time-resolved spontaneous Raman spectroscopy21,22
allowed us to synchronously probe photoinduced spin
and lattice dynamics in Cu2OSeO3. Our results reveal
an efficient coupling of the high-energy spin cluster exci-
tations to optical phonons, and more importantly, that
the photoinduced magnetization dynamics is governed by
a double order parameter behaviour reflecting both the
disordering of long-range and internal spin cluster order.
Before turning to the the non-equilibrium optical spec-
troscopy results, we discuss the equilibrium inelastic light
scattering response of Cu2OSeO3. Single crystals of a few
mm3 size were synthesized by chemical transport reaction
growth.23 A (111) oriented plate-shaped sample with a
flat as-grown face was used. The Raman probing is re-
alized with 2.42 eV pulses of ∆ν≈ 1.2 meV (≈ 10 cm−1)
bandwidth (full-width at half-maximum, FWHM) and
∆τ ≈ 1.5 ps (FWHM) duration. The probe beam polar-
ization is parallel to the crystallographic [11¯0] axis. The
probing is carried out in an unpolarized Raman geom-
etry in order to optimize the scattered light detection
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2Figure 1. The magnetic unit cell of Cu2OSeO3. The red
(spin-down) and blue (spin-up) Cu2+ S= 1
2
spins reside on
a distorted pyrochlore lattice. The exchange paths can be
classified into strong (full lines) and weak (dashed line) ex-
change couplings. The blue lines represent a predominantly
ferromagnetic exchange, whereas the red lines correspond to
a predominantly antiferromagnetic exchange. The three-up-
one-down spin triplet (S= 1) clusters are indicated in light
blue, with spin in grey. b) Spin flip excitations of a triplet
tetrahedron. The spin flip leads to a raise or lowering of the
cluster’s total magnetic quantum number Sz.
efficiency. The energy resolution typically lies around
10 cm−1 and is largely dictated by the probe pulse band-
width.
Figure 2 shows the steady-state Raman spectra at
temperatures ranging from 5 K to 75 K. The large
amount of atoms in the structural unit cell results in
a rich set of phonon modes, as indicated with an as-
terisk in the figure.24–26 Two strongly temperature de-
pendent modes are observed, which were previously
assigned to ∆Sz = + 1 (~Ω ∼ 32 meV) and ∆Sz =− 1
(~Ω ∼ 53 meV) high-energy spin cluster excitations at the
center of the Brillouin zone.18–20 For these modes, which
are Raman-active through the Elliot-Loudon scattering
mechanism,27,28 a spectral weight transfer to lower Stokes
shift Ω is observed when the temperature increases to-
wards TC , as indicated with the grey arrows. The mag-
netic spectral weight transfer is understood as a softening
and broadening of the ∆Sz =± 1 spin excitations. Above
TC ≈ 58 K magnetic scattering still persists, however as a
broad scattering continuum.26 Similar critical behaviour
was observed for a spin cluster transition in the THz-
range of the absorption spectrum.29
The conceptual picture of spin cluster excitations in-
dicated in Fig. 1b applies well above TC where no long-
range order exists between the clusters. In this limit
the high-energy spin excitations can be regarded as dis-
persionless magnetic excitons with a resultingly broad
continuum light scattering spectrum.30,31 In the long-
range ordered phase these internal cluster modes acquire
dispersion by the inter-cluster exchange interactions,
and form optical magnon branches, resulting in well-
defined magnetic modes in the Raman spectrum.20,32
The Raman-active high-energy ∆Sz =± 1 spin excita-
tions thus form an optical probe for both the long-range
Figure 2. Temperature-dependent steady-state Raman spec-
tra. The modes indicated with an asterisk (*) are phonons,
or not fully resolved phonon regions. High-energy spin clus-
ter excitations are observed at ~Ω ∼ 32 meV (∆Sz = + 1) and
~Ω ∼ 53 meV (∆Sz =− 1).
and internal spin cluster order.
We now turn to the optically induced spin and lat-
tice dynamics. The Cu2OSeO3 sample, cooled to 5 K,
is excited in the crystal-field excitation region33 with
2.18 eV pump pulses of ∆τ ≈ 0.3 ps (FWHM) duration
at a fluence of F≈ 2 mJ/cm2. The fraction of photoex-
cited Cu2+-sites per pulse lies around ∼ 5 · 10−6. The
weak pump-excitation conditions ensure that we probe
the near-equilibrium dynamics of the helimagnetic phase.
The thermalization of the system is measured by the
time-evolution of the Stokes spectrum. The Raman-
probe pulse falls in the low energy tail of the charge trans-
fer excitation region.33 The Stokes Raman scattering in-
tensity IS(Ω) is proportional to IS(Ω)∝Vprobe[α(ω)] ·
χ2R(Ω) · [n(Ω) + 1] (Ref. 34). Here Vprobe[α(ω)] describes
the probe volume term, which depends on the absorp-
tion coefficient α(ω) at the scattered photon frequency ω.
χ2R(Ω) gives the squared Raman tensor and [n(Ω)+1] the
population factor. Under the weak pump excitation con-
ditions the (transient) occupation number n(Ω) 1 and
can thus be neglected, i. e. IS(Ω)∝∼Vprobe[α(ω)] · χ2R(Ω).
In Fig. 3 we show our main result: the transient evolu-
tion of the Stokes spectrum IS(Ω ,t), where t refers to the
pulse delay time and Ω to the Stokes shift. For clarity
the pre-time-zero Stokes spectrum IS(Ω ,−5 ps) is plot-
ted in Fig. 3a. Figures 3b and 3c show the differential
Stokes spectra ∆IS(Ω , t) =IS(Ω , t)− IS(Ω ,−5 ps), and
scaled differential Stokes spectra ∆IS(Ω, t)/IS(Ω ,−5 ps)
for the time-delays indicated in the figure. The two
main observations are a decrease with subsequent recov-
ery of the phonon-scattering intensity, and a transient
broadening and spectral weight transfer to lower Ω of
the ∆Sz =± 1 spin excitations. Similar behaviour is ob-
served at higher bias temperatures.
The scattering intensity of selected phonon (ph)
modes is integrated over a range ∼ 3×FWHM centered
at the phonon energy to give Iph(t), and shown in
Fig. 3d as relative transient phonon scattering intensity
∆Iph(t)/Iph(−5 ps). For all phonons an initial Stokes
3Figure 3. a) Stokes spectrum at 5 K. The spin cluster excitations are indicated with arrows. The other peaks are phonons. b)
Differential Stokes spectra for indicated time-delays. The phonon modes show a reduction in scattering efficiency, which does
not fully recover within the measured time window. The ∆Sz =± 1 spin excitations show a dynamic softening and broadening.
c) Scaled differential spectra. From these spectra it becomes clear that the phonons only show a negligible frequency shift,
in sharp contrast with the ∆Sz =± 1 spin excitations. After t> 100 ps the spin excitation spectral weight transfer keeps on
increasing. d) ∆Iph(t)/Iph(−5 ps) transient for the 103 meV phonon region. An initial scattering reduction and partial recovery
within the time-resolution is observed, in addition to a longer time-scale recovery. Global fitting approximately gives the same
long recovery time-constant of τph ∼ 45 ps for all phonons. e) The softening of the ∆Sz = + 1 spin excitation occurs on a
significantly slower timescale of τ∆Sz=±1 > 100 ps. Plotted is the increasing (black dots) and decreasing (grey dots) component
of the spectral weight transfer. f) Differential Stokes spectra ∆IS(Ω, t)/IS(Ω ,−5 ps) of the ∆Sz = + 1 excitation at early delay
times. At pump-probe overlap (t= 0 ps) a spectral weight shift is established, revealing an efficient energy relaxation channel
on the shortest time-scale (< 1.5 ps).
scattering efficiency decrease of ∼ 5% after excitation is
observed, with a partial recovery within the temporal
pump-probe pulse overlap. A slower recovery time-scale
of τph∼ 45 ps is observed to ∆Iph(t)/Iph(−5 ps)≈−1.5%
at late delay times. The phonon spectral shape hardly
changes, as most clearly seen in the scaled differential
Stokes spectra (Fig. 3c). From these observations it be-
comes apparent that the Raman spectra show an over-
all reduction and recovery in scattering efficiency due
to a transient change in absorption, with a concomitant
change in Vprobe[α(ω)].
A transient softening and broadening of the ∆Sz =± 1
spin excitation scattering is observed due to excitation
of the magnetic system. Note that the asymmetric line
shape in the (scaled) differential spectra originates from
a line shape change in χ2R, and not from the population
term n(Ω). The time dependent dynamics of the spin
excitation scattering is convoluted with the change in the
probing volume. This effect is deconvoluted by scaling
the spectrum with the scattering intensity of the phonon
response, giving the intensity ratio:
I∆Sz=±1
Iph
∝ χ
2
∆Sz=±1
χ2ph
(1)
The intensity ratio is integrated over the increas-
ing and decreasing scattering spectral component (in-
tegration range 28.5 - 32.3 meV and 32.7 - 33.5 meV re-
spectively), to give a spectral weight function (SW ) of
the high-energy spin-excitation scattering, as plotted for
4∆Sz = + 1 in Fig. 3e. A stepwise (τ < 1.5 ps) SW transfer
is observed, followed by a τ∆Sz=±1> 100 ps spin-lattice
relaxation component. A zoom-in on the early time-scale
spectral dynamics of the ∆Sz = + 1 excitation is plot-
ted in Fig. 3f. The SW transfer at t= 0 ps and t= 1.5 ps
amounts to about 15% to 30% respectively of the SW
transfer at late time-delays t. This evidences an efficient
ultrafast spin disordering mechanism, in agreement with
the observations described in Ref. 12. Similar dynam-
ics is observed for the ∆Sz =− 1 excitation. Comparison
of the ∆Sz = + 1 spin excitation peak shift at late delay
times with steady-state data allows to calculate a heat-
ing of ∆T ≈ 7 K when quasi-equilibrium is established, in
good agreement with the temperature increase estimated
from the pulse power, absorption coefficient,33 and low
temperature heat capacity of Cu2OSeO3.
17,35
The disordering of long-range and internal spin clus-
ter order occurs through different spin-lattice relaxation
channels.9,36,37 After the optical excitation the electron-
ically excited system dissipates energy by emission of
optical phonons, which subsequently decay into acous-
tic phonons.38–40 The rapid magnetic spectral weight
transfer on the shortest timescale is evidence of an ad-
ditional decay mechanism for the optical phonons into
high-energy spin cluster excitations, which leads to an
ultrafast reduction of long-range and internal spin cluster
order. Such efficient phonon-magnon decay is enabled by
the energy-momentum-dispersion overlap of the optical
phonons and the high-energy spin cluster excitations.20,36
Figure 4. Acoustic phonon (ph.), low-energy (low-E), and
high-energy (high-E) spin excitation equilibration dynam-
ics after t> 6 ps. Effective temperatures are indicated with
Tacoustic for the acoustic phonons, and Tlow−E and Thigh−E
for the low-energy and high-energy spin cluster excitations.
The separation between long-range and internal spin
cluster order dynamics becomes apparent over longer
timescales. The long timescale spin-lattice equilibra-
tion is microscopically dictated by the coupling between
acoustic phonons, and low- and high-energy spin clus-
ter excitations.37 The low-energy cluster excitation ther-
malization dynamics can be obtained by fitting a phe-
nomenological three-temperature model9 to the phonon
and high-energy spin excitation transients, as shown in
Fig. 4. The change in the acoustic phonon temperature
is proportional to the change in the phonon Raman scat-
tering intensity. The change in the high-energy spin
excitation temperature is proportional to the observed
spin excitation spectral weight transfer. The solid lines
are the solution to the three-temperature model.35,41 A
long-range disordering time of τLRO ∼ 55 ps is found from
the low-energy spin excitation thermalization. The high-
energy spin excitations form a dual probe of long-range
and internal spin cluster order. From the high-energy
spin excitation thermalization we infer an internal clus-
ter disordering time of τcluster ∼ 400 ps. Similar demag-
netization timescales were reported in Ref. 12.
The separation into double magnetic order parame-
ter dynamics is understood from vastly different phonon-
magnon interactions. Acoustic phonons couple strongly
to the low-energy spin cluster excitations,42 but only
weakly to the high-energy spin cluster excitations.36
Phonon decay into low-energy spin excitations of
the long-range ordered state describes the conven-
tional demagnetization pathway of insulating magnetic
materials.9,37 The disordering of internal spin cluster or-
der however has to occur through upconversion of acous-
tic phonons and/or low-energy spin excitations into high-
energy spin cluster excitations, forming a scattering bot-
tleneck in the equilibration dynamics.
The multiple ps-decade long-range and internal spin
cluster order parameter dynamics is summarized in
Fig. 5. An initial ultrafast (τ < 1.5 ps) reduction of long-
range and internal spin cluster order results from the de-
cay of optical phonons into high-energy spin cluster ex-
citations. This is depicted by a disordering of the cluster
spin alignment and a −∆〈Sz〉 decrease in spin length for
the clusters. On the 10’s of ps timescale the long-range
ordering of spin clusters decreases by decay of acoustic
phonons into low-energy spin excitations. On the 100’s
of ps timescale the internal spin cluster order decreases
through upconversion of acoustic phonons and/or low-
energy spin excitations into high-energy spin cluster ex-
citations.
The present results provide a new viewpoint on the
photoinduced nonequilibrium dynamics in the cluster
Mott insulator Cu2OSeO3, and highlight the double mag-
netic order parameter dynamics of cluster magnets. Ad-
dressing nonequilibrium multiple order parameter dy-
namics is not only important in cluster magnets like
Cu2OSeO3, but also in contemporary problems in the
study of quantum materials consisting of long-range or-
dered “molecules”, such as unraveling the nature and
speed limit of phase transitions in orbital cluster Mott
insulators,4,8 and destabilization of spin-dimer compet-
ing phases in spin liquid candidate materials.43
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